Rainfall partitioning by vegetation affects water balance and utilization by plants. Caragana microphylla, Hedysarum fruticosum, and Salix gordejevii are three typical, morphologically different sand-fixing shrubs in Horqin Sand Land. However, few studies have compared rainfall partitioning by these shrubs. We examined rainfall partitioning differences among these shrubs in Horqin Sand Land, north-eastern China. On average, throughfall, stemflow (SF), and interception for C. microphylla accounted for 64.2, 11.0, and 24.8% of the individual incident rainfall, respectively; for H. fruticosum, they accounted for 71.2, 6.3, and 22.5%; and for S. gordejevii, they accounted for 75.3, 5.3, and 19.4%. The average funneling ratio for H. fruticosum (162.7 ± 33.2) was larger than that for C. microphylla (100.1 ± 16.9) and S. gordejevii (106.2 ± 23.1). Rainfall partitioning was significantly correlated with canopy area, branch number, and stem basal area for C. microphylla and S. gordejevii. SF volumes of 3,167, 676, and 2,210 L were estimated to have channeled into the plots for C. microphylla, H. fruticosum and S. gordejevii, respectively, indicating that C. microphylla is more effective in channeling SF to the root zone. These results suggest that C. microphylla may be more advantageous for sand-fixing and vegetation restoration in sand lands.
INTRODUCTION
The response of terrestrial ecosystems to global change is of current scientific interest (Vitousek ; Weltzin et al. ) . Global climate changes are likely to alter patterns of global air circulation and hydrologic cycling, resulting in changes in precipitation regimes (Volder et al. ) .
Vegetation modifies precipitation intensity and distribution via three pathways: throughfall (TF) (precipitation passing directly through or dripping from the canopy to the soil surface), stemflow (SF) (rainfall that reaches the base area of a plant by flowing down the branches and stems), and interception (precipitation that is captured by the canopy and subsequently returned to the atmosphere through evaporation) (Marin et Horqin Sand Land is a typical semiarid sand region located in southeastern Inner Mongolia in north-eastern China. Due to environmental changes and human activities, this region has suffered severe land degradation. In recent decades, some sand-binding shrubs have been introduced to stabilize the shifting sand (Zhao et al. ) . Among these species, Caragana microphylla, Hedysarum fruticosum and Salix gordejevii are the most important ones. In recent years, the vegetation used for stabilizing the dunes has deteriorated, which may have been caused by water deficit (Wang et al. ) . Until now, few studies on rainfall redistribution characteristics of the shrubs in this region, each with distinct morphology, have been conducted.
In this study, we selected three shrub species with distinct morphological characteristics, i.e. C. microphylla (umbrella-shaped canopy, multiple smooth stems, and numerous ovate leaves), H. fruticosum (rough stems and thin leaves) and S. gordejevii (loosely branched, slender stems, and leptophyllous leaves) to investigate rainfall partitioning and SF funneling. Our objectives were (1) to determine how much rainwater is available to the different species, (2) to determine how much available rainwater is utilized as SF and TF by the different species, and (3) to elucidate the rainfall use efficiency and water use strategies of the different shrub species.
MATERIALS AND METHODS

Study site
The study site was located in the Songshushan Nature Nine 10 × 10 m plots were selected to monitor TF and SF. Three shrubs of each species were selected in each plot for a total of 27 shrubs selected for monitoring. All gross rainfall, TF, and SF measurements were taken during the growing season from May to September of 2014.
Rainfall
Gross rainfall data were collected from 25 rainfall events.
Gross rainfall data were obtained at the Songshushan Experiment Station, approximately 0.5 km east of the study plots.
Gross rainfall was measured in an open area without obstructions using a standard rain gauge (diameter ¼ 20 cm) and was observed immediately after a rainfall event or before sunrise if the rainfall occurred overnight (Carlyle-Moses ).
Throughfall
TF was collected during 16 rainfall events with cylindrical polyethylene gauges similar to the standard rain gauges (diameter ¼ 20 cm). The gauges were arranged under the canopy of each shrub in four directions (0, 90, 180 and 270 W ). Corresponding to the differences in canopy area among species (Table 1) , a varying number of gauges were installed from shrub base to crown periphery at each direction for each species. Four gauges were used in each of the four directions for C. microphylla and S. gordejevii, and three gauges for each direction were used for H. fruticosum.
Thus, 16 TF collectors were used for each C. microphylla and S. gordejevii shrub and 12 for each H. fruticosum shrub. TF was measured immediately after the rainfall ended or in the morning the next day in case the rainfall event occurred overnight. TF was calculated as the follow- Mean ± standard deviation are reported.
Different letters in rows indicate significant differences among three shrub species at P 0.05. overnight. SF was calculated by using the following formula:
SViÃMi=SA, where n is the total number of stems on the shrub, SVi is the stemflow volume (L) of stem diameter class i, Mi is the number of stems in diameter class i, and SA is the projected area of shrub canopy (m 2 ). The stemflow funneling ratio (F) was calculated with the following formula: F ¼ SFv=BA × P, where SFv is the stemflow volume (L), BA is the stem basal area (m 2 ), and P is the amount of rainfall (mm). Plot SF was estimated using the volume of SF collected by each of the measured stems and then relating the basal area of these stems to the total plot basal area, following the upscaling method described by Swaffer et al. () .
Interception
Although canopy interception cannot be measured directly, the value of this partitioning part was calculated by subtracting the sum of TF and SF from gross rainfall.
Canopy characteristics
Canopy variables measured on each shrub included: shrub height, canopy area and volume, branch number and angle, stem basal area, and stem basal diameter (Table 1) .
Canopy area was calculated by taking the east-west and north-south diameters through the center of the fullest part of the canopy. Canopy volume was calculated by using the volume formula of an inverted cone. All branches on each shrub base were counted to determine the branch number.
Canopy angle was measured using an angle protractor.
Stem basal diameter was measured using a Vernier caliper and used to calculate stem basal area.
Statistical analysis
Statistical analyses and model development were completed using Systat SigmaPlot v12.0 Systat Software Inc. and SPSS 
RESULTS
Rainfall characteristics
During the measurement period, 25 rainfall events, divided into six classes (Table 2) , were observed, and 246.2 mm of rainfall were recorded (Figure 2 ). The precipitation of individual events averaged 9.8 mm, and ranged from 0.1 to 34.8 mm. The precipitations events below 2 mm accounted for 32% of all events, and those below 10 mm accounted for 72% of events. Small precipitation events were frequent but produced a small percentage of the total precipitation amount, whereas large precipitation events were rare but were the main water supply source.
TF, SF, and interception
Of the 25 rainfall events, it was possible to collect TF and SF (Table 2) .
Correlations between rainfall partitioning and canopy characteristics For C. microphylla, SF and interception were positively correlated with canopy area. For S. gordejevii, SF increased with branch number and decreased with stem basal area; however, its interception was significantly positively correlated with stem basal area. There was no significant correlation between rainfall partitioning and any canopy characteristics for H. fruticosum (Table 3) .
SF funneling ratio
Funneling ratios of C. microphylla first increased and then decreased, with a threshold at approximately 7.2 mm.
H. fruticosum and S. gordejevii showed a similar trend with the threshold at approximately 6.5 mm ( Figure 5(a) ).
H. fruticosum exhibited a high variability in its funneling ratio value. In contrast, C. microphylla and S. gordejevii exhibited low variability. The average funneling ratio was 100.1 ± 16.9, 162.7 ± 33.2 and 106.2 ± 23.1 for C. microphylla, H. fruticosum and S. gordejevii, respectively ( Figure 5(b) ).
The stem basal area of the shrubs significantly influenced the SF funneling ratio. The funneling ratio value decreased with stem basal area (y ¼ 248.064 x À0.246 ; R 2 ¼ 0.445; p < 0.0001) (Figure 6 ). The volumes of SF channeled into the plots were estimated to be 3,167, 676, and 2,210 L for C. microphylla, H. fruticosum, and S. gordejevii, respectively (Table 4 ). Whiskers show the 5th and 95th percentile. a higher interception and a higher SF than H. fruticosum or S. gordejevii. Large variations in rainfall partitioning patterns can be found between species in different areas, with SF percentages ranging from 2.2 to 43.3% (Table 5 ). The difference in rainfall partitioning of shrub species may be attributed to the differences in morphological characteristics of the plant species. For example, the multiplestems, umbrella-shaped canopy, smooth stems, and numerous ovate leaves of C. microphylla enable it to better intercept rainwater and thus generate greater SF production. H. fruticosum, on the other hand, is a shrub with rough stems and thin leaves, thus its canopy reduces interception and its branches are capable of absorbing SF. The slender and loose stems and leptophyllous leaves of S. gordejevii are unfavorable for rainfall interception but enhance net precipitation.
For all three species, TF percentage increased but interception percentage decreased with rainfall amount.
However, high-intensity individual rainfall events resulted in lower TF production and higher interception. High intensity rainfall with larger raindrop volume, terminal velocity, and kinetic energy enhances the proportion of rain intercepted by the canopy, thereby reducing the water available for TF production (Carlyle-Moses ).
The thresholds for TF initiation of C. microphylla, H. fruticosum, and S. gordejevii were 1.6, 1.0, and 1.1 mm, Note: *P < 0.05; **P < 0.01. respectively, indicating that they are species-specific. The threshold for SF initiation for S. gordejevii (1.54 mm) was larger than that for C. microphylla (0.73 mm) and H. fruticosum (0.27 mm). The higher value of S. gordejevii is likely to be due to the long, thick, and coarse branches with high bark storage capacities that are unfavorable for channeling SF (Levia & Herwitz ) . The multiple smooth stems and ovate, small, waxy leaves of C. microphylla led to its rapid generation and large production of SF.
Rainfall partitioning in relation to canopy characteristics
There was a weak correlation between rainfall partitioning and canopy characteristics such as stem basal diameter, branch angle, shrub height, and canopy volume, but some studies have found that SF is correlated with canopy area, shrub height, branch number, and canopy volume for Caragana korshinskii and Hippophae rhamnoides (Jian et al.
). The differences between our results and those of previous studies may be explained by two possible reasons.
First, canopy structure and characteristics are speciesspecific, and bark surface structure, stem number, and density affect rainfall partitioning pattern (Zhang et al. ) . Second, seasons and precipitation conditions may play a role in how plants partition rainfall. For example, in the dry season, the interception percentage by a canopy may be greater during low intensity, low volume precipitation events than a similar event in the wet season (Deguchi et al. ) . To arrive at more general conclusions, future research should include more parameters relevant to rainfall partitioning. Figure 6 | The relationship between stem basal area and average SF funneling ratio for C. microphylla, H. fruticosum and S. gordejevii using total rainfall, SF volume and stem basal area measurements over the study period. Table 4 | Estimated SF funneling ratio and volume of SF generated in the study area, using the regression from Figure 5 and the volume of rainfall observed 
SF funneling ratio
The average funneling ratios for the three species were considerably outweighed by 1, indicating that the rainwater caught by the funnels was greater than that caught by the Our study indicates that C. microphylla, a dense-branchtype shrub, which can intercept more rainwater and generate larger SF fractions than the other two shrubs, represents a 'capturing type' strategy of rainwater use.
H. fruticosum, a thin-leaf-type shrub, which can result in more SF production, represents a 'funneling type' strategy of rainwater use. S. gordejevii, a loose-stem-type shrub, which has larger TF production but generates less SF production, represents a 'through type' strategy of rainwater use. Therefore, C. microphylla has an advantage in enhancing net precipitation through greater interception over H. fruticosum and S. gordejevii, facilitating the formation of 'moist islands' around its root zone (Zhao et al. ) .
Thereby, it is the best sand binder of the three tested here with regard to rainwater use efficiency in semiarid sand lands. 
